Transition between two ferromagnetic states driven by orbital ordering in 

La .88Sro.i2Mn0 3 
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A lightly doped perovskite mangantite Lao.88Sro.i2Mn03 exhibits a phase transition at Too = 
145 K from a ferromagnetic metal (Tc = 172 K) to a novel ferromagnetic insulator. We identify 
that the key parameter in the transition is the orbital degree of freedom in e g electrons. By utilizing 
the resonant x-ray scattering technique, orbital ordering is directly detected below Too, in spite of a 
significant diminution of the cooperative Jahn- Teller distortion. The new experimental features are 
well described by a theory treating the orbital degree of freedom under strong electron correlation. 
The present experimental and theoretical studies uncover a crucial role of the orbital degree in the 
metal-insulator transition in lightly doped manganites. 

PACS numbers: 75.30.Vn, 71.30.+h, 75.30.Et, 71.10.-w 



Colossal magnetoresistance (CMR), recently discov- 
ered in perovskite manganites, occurs in the vicinity of 
metal-insulator (MI) transition. It was proposed many 
years ago that the double-exchange (DE) mechanism 
plays an essential role to realize the ferromagnetic metal- 
lic state in doped manganites QJ^]. However, the CMR 
effects cannot be explained within this simple concept 
H and additional ingredients, such as lattice distortion, 
electron correlation, and orbital degree of freedom, are 
stressed. To reveal the mechanism of the MI transition 
and its mutual relation to CMR, it is essential to study 
the lightly doped regime in detail, where several phase 
boundaries are entangled. 

In Lai-^Sr^MnOa around x ~ 0.12, the temperature 
dependence of electrical resistivity shows metallic behav- 
ior below Tc consistent with the DE picture. As tem- 
perature decreases further, however, it shows a sharp up- 
turn below a certain temperature |4[ , defined Too m the 
present paper. Note that a transition from ferromagnetic 
metallic (FM) state to the ferromagnetic insulating (FI) 
state occurs at Too- Kawano et al. Q revealed by neu- 
tron diffraction that Lao.87sSro.i25Mn03 (Tc = 230 K) 
exhibits successive structural phase transitions; high- 
temperature pseudo-cubic phase (O*: a ~ b ~ c/\/2) 
to intermediate Jahn- Teller (JT) distorted orthorhom- 
bic phase (O': b > a > c/V2) at T H = 260 K and to 
low-temperature O* phase at Too — 160 K. Here, we use 
orthorhombic Pbnm notation. These complicated behav- 
iors are far beyond the simple DE scenario. 

In this Letter, we report that the MI transition in 
La ssSro 12 Mn03 is actually driven by orbital ordering, 
which was directly observed by the recently developed de- 
cisive technique, i.e., the resonant x-ray scattering 
It is counter-intuitive that the orbital ordering appears in 
the FI phase where a long-range cooperative JT distor- 
tion significantly diminishes B. As discussed later, this 



orbital ordering can be realized by the super-exchange 
(SE) process under strong electron correlation together 
with ferromagnetic ordering, not necessarily associated 
with a cooperative JT distortion. This ferromagnetic SE 
interaction coexists with the DE interaction which facil- 
itates carrier mobility above Too- The transition from 
FM to FI can be induced by applying a magnetic field 
[p[-pl|. Our theoretical calculation, where the orbital 
degree and the electron correlation are considered, well 
reproduces these unconventional experimental results in 
La .88Sro.i2Mn0 3 . 

We have grown series of single crystals by the floating- 
zone method using a lamp image furnace. Typical mo 
saicness measured by neutron diffraction is less than 0.3° 
FWHM, indicating that the samples are highly crys- 
talline. We have carried out neutron-diffraction of an 
x — 0.12 single crystal using the TOPAN triple-axis spec- 
trometer in the JRR-3M reactor in JAERI. As shown in 
Fig. [j], wc found successive structural phase transition 
and magnetic ordering consistent with Ref. ||, though 
transition temperatures are different reflecting a slight 
discrepancy in the hole concentration, i.e., x = 0.12 
and 0.125. However, high-resolution synchrotron x- ray 
powder diffraction by Cox et al. [[12| on a carefully 
crushed small crystal from the same batch reveals that 
the intermediate phase is monoclinic and that the low- 
temperature phase is triclinic though the distortion is 
extre mely small. An electron-diffraction study by Tsuda 
et al. |13| using the same batch gave consistent results. 
Note that typical x-ray peak widths are ~ 0.01°, close to 
the instrumental resolution. This indicates that the d- 
spacing distribution is negligible, which is another proof 
of high quality of our samples. 

Here, we briefly mention the charge ordering proposed 
by Yamada et al Jul . We have indeed confirmed the su- 
perlattices below Too by neutron and x-ray scatterings. 
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FIG. 1. Temperature dependence of (a) lattice parameter, 
and integrated intensities of (b) (2 0) ferromagnetic Bragg 
reflection measured with 14.7 meV neutrons. 



In the x-ray study, however, the energy dependence of 
the superlattice peak around the Mn K-edge does not 
show a resonance feature fll|[l6| which is a characteristic 
in Mn 3+ /Mn 4+ charge ordering We thus conclude 
that, below Too, there appears a long-range structural 
modulation along the c- axis though neither a conven- 
tional charge ordering nor a long-range cooperative JT 
distortion as seen in the O' phase exist. 

Ferromagnetic ordering below Tq = 172 K was ob- 
served by neutron diffraction as shown in Fig. 0(b). With 
further decreasing temperature, the (2 0) peak exhibits 
a discontinuous increase at temperature corresponding 
to Too, where the structural phase transition shown in 
Fig. 1(a) occurs. We found that magnetic Bragg peaks 
appear at (0 /) (/ = odd) below Too indicating anti- 
ferromagnetic component. When the magnetic structure 
below Too is interpreted as a canted structure, the cant- 
ing angle is, however, small and the FI state is a good 
approximation. 

The orbital states were observed by synchrotron x-ray 
diffraction measurements on four-circle spectrometers at 
beamlines 4C and 16A2 in the Photon Factory in KEK. 
We have tuned the incident energy near the Mn K- edge 
(6.552 KeV). The (0 1 0) plane of a Lao.88SrQ.12MD.O3 
single crystal (~ 20 x 2 mm) from the same batch, which 
was carefully polished, was aligned within the scattering 
plane. 

Figure |^(a) shows the incident energy dependence of 
(0 3 0) peak, which is structurally forbidden, at 12 K. The 
peak exhibits a sharp enhancement at the Mn K-edge, de- 
termined experimentally from fluorescence. As discussed 
in Lai.sSro.sMnC^ and also in LaMnC>3 |§, the appear- 
ance of such a forbidden peak is considered as a signature 
of orbital ordering of Mn 3+ e g electrons: Orbital order- 
ing gives rise to anisotropy in the anomalous scattering 
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(a) Energy dependence of intensity of the or- 
bital-ordering reflection (0 3 0) at T = 12 K. The dashed 
curve represents fluorescence showing the resonant energy 
(6.552 KeV) corresponding to the Mn K edge, (b) The az- 
imuthal angle dependence of (0 3 0). The solid line is two- fold 
squared sine curve of angular dependence, (c) Temperature 
dependence of (0 3 0) peak intensity. 



factor, which is enhanced and thus visible near the Mn K- 
edge. The antiferro(AF)-type orbital ordering is directly 
confirmed by rotating the crystal around the scattering 
vector kept at (0 3 0), i.e., azimuthal scan. Fig. ||(b) 
shows the azimuthal scan, clearly revealing square of si- 
nusoidal angle dependence of two-fold symmetry. 

Although the orbital ordering in Lao.ssSro.i^MnOa 
seems similar to that of LaMnC>3, there is a marked 
difference. As shown in Fig. ^(c), the orbital ordering 
appears only below Too — 145 K, where the coopera- 
tive JT distortion disappears or significantly decreases. 
On the other hand, in LaMn03 where the orbital or- 
dering appears in the JT distorted orthorhombic phase 
H , it has been believed that long- range arrangement of 
JT distorted MnOg octahedra facilitates d 3x 2_ r 2 /d 3y 2_ r 2 
type orbital ordering. The orbital ordering is consis- 
tent with the spin-wave dispersion reported by Hirota 
et al. JlT]], who proposed the dimensional crossover in 
lightly doped Lai_ x Sr x Mn03 Jig ]. The spin dynamics of 
Lai-^Sr^MnOa drastically changes from two-dimcnional 
state as seen in LaMnOa , due to the AF-type orbital or- 
dering of d Sx 2 _ r 2 / d 3y 2 _ r 2 , to three-dimensional isotropic 



ferromagnetic state around x ~ 0.1. Therefore, we an- 
ticipate that Lao.88Sro.i2Mn03 should have a different 
orbital state, e.g., the hybridization of d z -2— x 2i y z—z 2 ) and 
d 3x 2 _ r 2 ( 3y 2 _ r 2y Note that the intensity of (0 3 0) res- 
onant peak is significantly reduced at low temperatures 
compared with that just below Too, indicating that the 
AF- type orbital ordering becomes reduced with decreas- 
ing temperature. This reduction is not necessarily due 
to the instability of orbital ordering at low temperatures 
because the gradual change of type of the orbital ordering 
, e.g., AF-type to ferro-type, gives rise to the effect. 

Now we theoretically reveal the microscopic mecha- 
nism of the newly found experimental features. The spin 
and orbital states are investigated by utilizing the model 
Hamiltonian where the spin and orbital degrees of free- 
dom are treated on an equal footing together with the 
strong electron correlation E3] : H — Tit + T~tj + Hh + 
TLaf- The first and second terms correspond to the so- 
called t- and J-terms in the t J-model for e g electrons. 

These are given by |§ H t = Efo-> 77 ' CT *i/'4y<r4y'<7 + 
H.c. and 

Hj = - 2J 1 ^(jn i n J + S z ■ S 3 ) (~ - r'rj) 

(ij) 

(ij) 

where r\ = cos(^ L n / )T iz -sin(^n z )T i;r and (n x ,n y ,n z ) = 
(1, 2,3). I denotes a direction of a bond connecting i and 
j sites. dij a is the annihilation operator of e g electron 
at site i with spin a and orbital 7 with excluding dou- 
ble occupancy. The spin and orbital states are denoted 
by the spin operator Si and the pseudo-spin operator Ti, 
respectively. The latter describes which of the orbitals is 
occupied. The third and fourth terms in the Hamiltonian 
describe the Hund coupling: TLh = —Jh J2i Sti 1 Si and 
the AF magnetic interaction between ti g spins: H.af — 
Jaf Yluj) Sti ' Stj, respectively, where Su is the spin op- 
erator for ti g electrons with S = 3/2. Since the coop- 
erative JT distortion has been experimentally found to 
be weak around x ~ 0.1, the electron-lattice coupling is 
neglected in the model. As seen in the first term of Tij, 
the ferromagnetic SE interaction results from the orbital 
degeneracy and the Hund coupling between e g electrons 
pl|-p3"||: Through the coupling between spin and orbital 
degrees in Tij, the ferromagnetic ordering and AF-type 
orbital ordering are cooperatively stabilized. 

The mean field approximation is adopted in the cal- 
culation of the spin and orbital states at finite x and T 
|p4| . Two kinds of the mean field for Si and Ti are intro- 
duced. The both states are described by the distribution 
functions and the mean fields are optimized by minimiz- 
ing the free energy. The ferromagnetic spin and G-type 
pseudo-spin alignments are assumed. The detailed for- 
mulation will be presented elsewhere. 

The calculated phase diagram is presented in Fig. [|. 
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FIG. 3. The spin and orbital phase diagram as a function of 
carrier concentration (x) and temperature (T). The straight 
and broken lines are for the spin and orbital ordering temper- 
atures. The experimental data are compared with the theo- 
retical results at x shown by the vertical dotted line. The in- 
set shows the schematic picture of the orbital structure below 
Too at x = 0.125. {(6a/0b = -0 A ) where 6 A = 7r/2]. The pa- 
rameter values are chosen to be Ji/to = 0.25, J2/U) = 0.0625, 
and Jaf /to = 0.004. 

With doping of holes, a leading magnetic interaction 
gradually turns from the SE interaction in the lower x 
to the DE one (2^] . Tc monotonically increases with in- 
creasing x. On the other hand, the orbital state changes 
(l)from the AF-type ordering favored by Ttj to the ferro- 
type ordering induced by Ht due to the gain of the ki- 
netic energy. Thus, Too decreases with doping of holes. 
In the undoped insulator, Too is higher than Tc because 
the interaction between orbitals (3Ji/2) are larger than 
that between spins (— Ji/2), as expected from the first 
term in TLj. Consequently, Tc and Too cross with each 
other at x c ~ 0.1 as seen in Fig. ^. 

We next focus on the region where x is slightly higher 
than x c . There are two kinds of the ferromagnetic 
phase; the phase between Tc and Too and that be- 
low Too- In the high-temperature phase, the orbital 
is disordered. In the low-temperature phase, on the 
other hand, the AF-type orbital ordering appears and 
the SE interaction is enhanced through the spin-orbital 
coupling in Hj. Since the AF-type ordering reduces the 
kinetic energy, the DE interaction is weakened. Conse- 
quently, the metallic character is degraded. We iden- 
tify the low- and high-temperature phases to be FI and 
FM in Lao.88Sro.i2Mn03, respectively. Note again that 
the AF-type orbital ordering is driven by the electronic 
mechanism, not supported by the JT distortion p6| . 
The orbital ordering (the inset of Fig. |3|) is denoted as 
(9a/9b = —0a) with 9a = tt/2, where &a(b) is the an- 
gle in the orbital space in the A(B) sublattice. This is 
the mixture of d z 2_ x 2^ y 2_ z 2^ and d^ x 2_ r 2(^ y 2_ r 2^ which is 
consistent with the isotropic ferromagnetic spin wave dis- 
persion. The characteristic curve in the azimuthal angle 
dependence of the resonant x-ray scattering (Fig. ||(b)) is 
reproduced by this type of the ordering |Q . The coupling 
between spin and orbital reflects on the temperature de- 
pendence of the magnetization. It is shown in Fig. 0(a), 
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FIG. 4. (a) Temperature dependence of the calculated 
magnetization at x = 0.125. The inset shows the magneti- 
zation curve in Lao.8sSro.i2Mn03 at B — 0.5T. (b) Field 
dependence of the orbital ordering temperature. The inset is 
obtained from the electrical resistivity and the magnetization 
in Lao.88Sro.i2Mn03 Parameter values are the same with 
those in Fig. [| 

that the magnetization is enhanced below Too ■ The cal- 
culated result is consistent with the experimental obser- 
vation in Lao.88Sro.i2Mn03 (the inset of Fig. |](a)). This 
is a strong evidence of the novel coupling between spin 
and orbital degrees. 

In Fig. ||(b) , Too is shown as a function of the applied 
magnetic field. The applied magnetic field stabilizes the 
low-temperature ferromagnetic phase accompanied with 
the orbital ordering. This is because the ferromagnetic 
spin correlation induced by the field enhances the interac- 
tion between orbitals through the spin-orbital coupling in 
Hj. In other word, the magnetic field controls the orbital 
states. The theoretical Too versus H curve qualitatively 
reproduces the experimental results in Lao.ssSro.^MnOa 
(the inset of Fig. [|(b)) and strongly supports that the 
orbital degree plays a key role in the low temperature 
phase and the transition at Too- 

To conclude, the transition from the ferromagnetic 
metallic to the ferromagnetic insulating phases in 
Lao.88Sro.i2Mn03 is ascribed to the transition of or- 
bital order-disorder states. The orbital ordering is ob- 
served in the low temperature phase where the cooper- 
ative Jahn- Teller type distortion is significantly dimin- 
ished. The stability of the two phases are controlled 
by changing temperature and/or applying magnetic field, 
and the unique coupling between spin and orbital degrees 
is found. The present investigation shows a novel role of 
the orbital degree of freedom as a hidden parameter in 



the MI transition in lightly doped CMR manganites. 
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